-/-mice showed severe trabecular bone loss, but increased cortical bone mineral density, owing to enhanced bone erosion and formation. TANK mRNA expression was induced during osteoblast differentiation and Tank -/-osteoblasts exhibited enhaced NF-B activation, IL-11 expression, and bone nodule formation than wild-type control cells. Finally, wild-type mice transplanted with bone marrow cells from Tank -/-mice showed trabecular bone loss analogous to that in Tank -/-mice. These findings demonstrate that TANK is critical for osteoclastogenesis by regulating NF-B, and is also important for proper bone remodeling.
(RANK) ligand (RANKL). Runt-related transcription factor 2 (Runx2) is known to a key transcription factor for osteoblast differentiation. On the other hand, bone-resorbing osteoclasts are giant, multinucleated, tartrate-resistant acid phosphatase (TRAP)-positive cells derived from the monocyte/macrophage lineage (1) . When M-CSF and RANKL stimulate their receptors c-fms and RANK on osteoclast precursors, respectively, transcription factors such as NFATc1 (2) , c-Fos (3), and NF-B (4) are activated in the cells. NFATc1 is the master regulator of osteoclasts, and NF-B has been implicated in the induction of NFATc1 (5) . The RANKL-induced NF-B pathways include both canonical and non-canonical pathways. The canonical NF-B pathway activates heterodimers of RelA/p65 and p50, which is generated from the NF-B1/p105 fragment, while the non-canonical pathway induces processing of the NF-B2/p100 fragment into active p52. Following the activation of such transcription factors, osteoclast differentiation is induced by the induction of osteoclastic genes, such as TRAP, calcitonin R, and DC-STAMP. Among these osteoclastic genes, DC-STAMP is known to be involved in cell-cell fusion, because osteoclast and IL-3 plus IL-4-induced multinucleated giant cell formation by macrophage cell fusion is abrogated in DC-STAMP-deficient mice (6, 7) . Mice lacking both NF-B1 and NF-B2 develop typical osteopetrosis through defective development of osteoclasts (8) , thereby confirming the importance of NF-B signaling in controlling bone homeostasis. RANKL is a major NF-B activator in osteoclastogenesis. RANKL binds to its receptor RANK, which belongs to the TNF receptor superfamily. Upon activation, RANK recruits TRAF family E3 ubiquitin ligases, such as TRAF2, TRAF5, and TRAF6 (9) . Among the TRAF family members, TRAF6 plays a critical role in RANK signaling toward NF-B, because its deficiency leads to severe osteopetrosis similar to that in RANKL-and RANK-deficient mice (10) (11) (12) . Collectively, it has been proposed that RANKL-RANK interactions and the subsequent signaling via TRAF6 are important for the differentiation of osteoclasts.
Various cytokines and cellular stresses are known to activate intracellular signaling pathways leading to NF-B activation. This transcription factor is well known to control the expressions of proinflammatory cytokines downstream of Toll-like receptors (TLRs) and IL-1 receptor (IL-1R). TLRs directly sense the presence of microbial components and trigger intracellular signaling pathways that evoke innate immune responses against pathogens. Activation of TLRs leads to the recruitment of the adaptor molecule MyD88, which in turn activates IL-1R-associated kinases (IRAKs). TRAF6 is ubiquitinated downstream of IRAK-1/-2, and activates NF-B by generating unconjugated poly-ubiquitin chains and activating TAK1 (13) (14) . The importance of TRAF6 in TLR/IL-1R signaling has been established by the observation that NF-B activation in response to LPS and IL-1 fails in TRAF6-deficient mice (11) . In acquired immunity, the antigen receptor signaling pathways emanating from TCR and BCR are known to activate NF-B via TRAF proteins. TRAF family member-associated NF-B activator (TANK;  also  known  as  TRAF-interacting protein) binds to TRAF1,  TRAF2, TRAF3, TRAF5, and TRAF6 (15-18) , and acts as a regulator of TRAF-mediated signaling. Macrophages and B cells from TANK-deficient (Tank -/-) mice exhibit more enhanced NF-B and AP-1 activation in response to stimulation of TLRs and B-cell receptor (BCR) (19) . TLR and BCR-induced ubiquitination of TRAF6 is upregulated in Tank -/-macrophages, suggesting that TANK inhibits TRAF6 activation downstream of TLRs (19) . While TANK has been implicated in the type I IFN responses against virus infection by binding to TANK-binding kinase 1 (20) , type I IFNs are produced normally in Tank -/-cells in response to RNA virus infection (19) . Furthermore, Tank -/-mice spontaneously develop lupus-like autoimmune nephritis through IL-6 expression (19) . MyD88 and the intestinal flora contribute to the development of autoantibody production in Tank -/-mice (19) , suggesting that spontaneous activation of TLRs by intestinal bacteria leads to IL-6 production that causes autoimmunity.
Despite the importance of TRAF6 in the RANKL signaling, the involvement of TANK in RANKL-induced osteoclast differentiation and bone homeostasis is poorly understood. In this study, we found that TANK was induced during RANKL-mediated osteoclastogenesis, and overexpression of TANK led to a decrease in osteoclast formation. Tank -/-macrophages underwent increased osteoclastogenesis mediated by enhanced ubiquitination of TRAF6, the canonical NF-B pathway, and c-Fos and NFATc1 activation. Tank -/-mice showed trabecular bone loss, but increased cortical bone mineral density (BMD) and resistance to bone fracture, owing to enhanced bone erosion and formation. Interestingly, TANK was also induced in osteoblasts and Tank -/-osteoblasts formed more bone nodules. These findings provide unexpected insights into the roles of TANK in bone remodeling.
Experimental procedures

Mice-Tank
-/-mice on a C57BL/6 background were generated as previously described (19) and maintained under specific pathogen-free conditions. All animal experiments were carried out under approval from the Animal Research Committee of the Research Institute for Microbial Diseases (Osaka University, Osaka, Japan).
In vitro osteoclast culture and functional evaluation-For stromal cell-free in vitro osteoclast cultures, M-CSF-derived macrophages (MDMs) were used as osteoclast precursors. Bone marrow cells were flushed from femurs or tibias and cultured for 6 h in -MEM containing 10% FCS. Non-adherent cells were collected and plated in 48-well plates at a density of 1.2 × 10 5 cells/well with 25 ng/ml M-CSF (PeproTech, Rocky Hill, NJ). After 3 d, the cultures were washed with PBS and adherent cells were used as MDMs. The MDMs were induced to differentiate into osteoclasts in the presence of 25 ng/ml M-CSF and various concentrations of RANKL (R&D Systems, Minneapolis, MN). After 3 d, the adherent cells were fixed with 4% paraformaldehyde, treated with ethanol/acetone (50:50, v/v), and stained for TRAP using a TRAP/ALP staining kit (Wako, Tokyo, Japan). The numbers of TRAP-positive multinucleated cells were counted. The osteoclast area (percentage of TRAP-positive multinucleated cells relative to the total area) was measured using the software ImageJ (software from NIH). For pit assays, ivory dentine slices (Wako, Tokyo, Japan) were placed in 48-well plates. MDMs were cultured on the dentine slices, and then cultured in 25 ng/ml M-CSF and 50 ng/ml RANKL to induce osteoclast differentiation. After 5 d, the dentine slices were immersed in 1 M NH 4 OH for 3 h and sonicated to remove the cells. The resorption pits were observed by scanning electron microscopy (MiniScope TM-1000; Hitachi, Tokyo, Japan). Quantitative analyses of the resorption pits were performed using ImageJ.
Retroviral gene transfer-A murine TANK cDNA was cloned into the pLZR-IRES/GFP retroviral vector (21) . The construct was transfected into the packaging cell line PlatE, and viral supernatants were collected. Bone marrow cells from C57BL/6 mice were cultured for 6 h in -MEM. Subsequently, non-adherent cells were collected and plated in 24-well plates at a density of 1 × 10 6 cells/well with 25 ng/ml M-CSF. After 24 h, the cells were transduced with a retroviral supernatant in the presence of 8 g/ml polybrene for 8 h. Following culture for 48 h in the presence of 25 ng/ml M-CSF, the cells were cultured with 25 ng/ml M-CSF and 50 ng/ml RANKL. After 3 d, the numbers of TRAP-positive multinucleated cells were counted.
Immunoblotting, immunoprecipitation, and ubiquitination assays-MDMs (5 × 10 6 ) were stimulated with 50 ng/ml LPS, TNF- or RANKL for various times. The cells were then lysed in a lysis buffer comprising 20 mM Tris-HCl, 1 mM EDTA, 1.0% Nonidet P40, 150 mM NaCl, and a protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). The cell lysates were separated by SDS-PAGE and transferred onto polyvinylfluoride membranes. The membranes were incubated with anti-TANK (H-300; Santa Cruz Biotechnology, Santa Cruz, CA), anti-p100/p52 (#4882; Cell Signaling), anti-TRAF6 (sc-7221; Santa Cruz Biotechnology), anti-Ub (P4D1; Santa Cruz Biotechnology), and anti-actin (C-11; Santa Cruz Biotechnology) antibodies. After the incubation, membranes were washed and incubated with HRP-linked anti-rabbit IgG (NA934V; GE healthcare) or HRP-linked anti-mouse IgG (NA931V; GE healthcare). For chemiluminescence, membranes were incubated with fresh Western lightning Plus-ECL reagents (Perkin Elmer). TRAF6 immunoprecipitation and detection of its ubiquitination were performed as described previously (19) . (1 ×  10 6 ) were stimulated with 350 ng/ml RANKL for 30 min. Nuclear extracts were purified from the cells and the DNA-binding activity of NF-B p65 was analyzed using a TransAM Transcription Factor Assay Kit (Active Motive, Carlsbad, CA).
Proliferation and apoptosis assays-Cells
DNA-binding activity of NF-B p65-MDMs
Osteoblast
culture and functional assays-Primary osteoblasts were isolated from the calvariae of 2-d-old mice. The calvariae were digested in -MEM containing 0.1% collagenase and 0.2% dispase at 37°C for 10 min. The cells were then expanded in -MEM containing 10% FCS. For induction of osteoblastogenesis, primary osteoblasts were plated in 48-well plates at a density of 3 × 10 4 cells/well. After 1 d, the medium was supplemented with an Osteoblast-Inducer Reagent (Takara, Tokyo, Japan) containing ascorbic acid, hydrocortisone, and glycerophosphate. In some experiment, 10g/ml neutralizing antibodies to IL-6 or IL-11 (R&D) were added to the medium. The medium was changed every 3 d. After 9 d, calcified nodules and ALP were stained using a Calcified nodule Staining kit (AK-21; Primary Cell, Hokkaido, Japan) and TRAP/ALP staining kit (Wako, Tokyo, Japan), respectively. In some experiments, 5mM NF-B inhibitor BAY117085 (Sigma) was added at day 9 for 24hrs, and mRNA was harvested.
Osteoclast and osteoblast coculture-Bone marrow cells (3 × 10 5 ) and primary calvarial osteoblasts (5 × 10 5 ) were isolated and cultured in 24-well plates containing -MEM supplemented with 10% FCS for 10 d in the presence of 10 nM 1,25(OH) 2 D 3 . After the culture, the cells were fixed and stained for TRAP to evaluate the numbers of osteoclasts.
Quantitative PCR analysis-RNA was extracted from cultured cells using TRIzol (Invitrogen, Carlsbad, CA) and subjected to reverse transcription using ReverTra Ace (Toyobo, Tokyo, Japan). Quantitative PCR was performed with an ABI PRISM 7500 using TaqMan Assays-on-Demand primers and probes (Applied Biosystems) for TANK, TRAP, calcitonin R, c-Fos, NFATc1, DC-STAMP, RANK, Runx2, IL-11, OncostatinM, IL-6, RANKL and osteoprotegerin (OPG). 18S control reagents were used for normalization of the cDNAs.
Bone phenotype analyses-Double calcein labeling was carried out to measure bone formation.
Ten-week-old Tank -/-and age-matched control wild-type female mice were administered calcein intraperitoneally at 16 mg/kg body weight at 4 and 1 days before euthanasia. After euthanasia, the femurs are removed, fixed with 70% ethanol, and subjected to histomorphometric analyses. Three-dimensional CT analysis of the femurs was conducted using Scan-Xmate RB080SS110 (Comscan Techno Co. Ltd., Kanagawa, Japan) and TRI/3D-Bon (Ratoc System Engineering Co. Ltd., Tokyo, Japan) software. The cortical BMD and cortical area were measured by Dual Energy X-ray Absorptiometry DCS-600EX-IIIR (Aloka, Tokyo, Japan). To evaluate the cortical bone mechanical properties, the right femoral mid-shaft was tested by three-point bending using a mechanical testing machine (MZ-500S; Maruto, Tokyo, Japan). To test the bone mechanical properties, each femur was placed on two lower supports that were 6 mm apart and tested with a displacement rate of 2 mm/min until failure. The whole bone mechanical properties of maximum load (N), stiffness (N/mm), post-yield deflection (mm), and work
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to failure (N.mm) were measured. The bone microarchitectural parameters were analyzed in the trabecular regions from 0.1 to 1.5 mm away from the chondro-osseous junction. For histomorphometric analyses, the tibias or femurs were fixed with 70% ethanol, subjected to Villanueva bone staining, and embedded in methyl methacrylate. Serial longitudinal sections (6 mm in thickness) of proximal tibias and cross sections of proximal one-third of the right shaft of femurs were prepared using an RM2255 microtome (Leica, Jena, Germany). Metaphysis areas of tibias and endosteum/periosteum areas of femurs were analyzed using a Histometry RT Camera (System Supply Co. Ltd., Nagano, Japan).
Generation of bone marrow chimeric mice-Donor bone marrow cells were collected from 6-wk-old Tank -/-and age-matched control wild-type female mice. After suspension in PBS, 1 × 10 7 cells were intravenously injected into lethally irradiated 4-wk-old wild-type recipient mice (C57BL/6 background). The chimeric mice were given neomycin and ampicillin in their drinking water for 4 wk. The mice were analyzed at 7 wk after the bone marrow transplantation.
ALP
activity assay-Cultured calvarial osteoblasts were homogenized with 0.1% Triton X-100, and the Alkaline Phosphatase (ALP) activity was measured using a kit (LabAssay; Wako). The serum ALP levels were also measured using the same kit.
ELISA-The serum levels of TRACP5b were measured using a TRACP5b ELISA Kit (Immunodiagnostic Systems, Bolden, UK). Serum levels of Cross Linked C-Telopeptide of Type I collagen (CTX-I) were measured by ELISA Kit (USCN life science, Wuhan, China). All assays were performed according to the corresponding manufacturer's protocols.
Statistical
analysis-The significance of differences between values was analyzed by Student's t-test. Values of p < 0.05 were accepted as statistically significant.
Results
TANK expression is induced by RANKL
stimulation-First, we examined the expression pattern of TANK during the course of RANKL-induced osteoclastogenesis. TANK mRNA expression was markedly increased after 24 h of RANKL stimulation in MDMs, and then decreased to the pre-stimulation level by 48 h of RANKL treatment (Fig. 1A) . TANK protein expression gradually increased during osteoclastogenesis and its expression level reached nearly five-fold after 72 h of RANKL stimulation (Fig. 1B) . Furthermore, not only RANKL but also LPS and TNF induced TANK expression in MDMs (Fig. 1C) . These findings prompted us to explore the role of TANK during osteoclastogenesis.
Increased osteoclast differentiation and bone resorption activity in Tank -/-
MDMs-To investigate the role of TANK deficiency in osteoclastogenesis, we analyzed in vitro osteoclastogenesis using wild-type and Tank osteoclasts had increased numbers of nuclei and were larger in size ( Fig. 2A-D) . TANK deficiency did not alter the proliferation or apoptosis of MDMs (Fig. 2F, 2G) .
Next, we compared the bone resorption activities of osteoclasts from wild-type and Tank -/-MDMs using pit assays. When wild-type and Tank -/-MDMs were cultured on dentine slices with RANKL for 5 d, they formed resorption pits. However, the total bone resorption pit area for Tank -/-osteoclasts normalized by osteoclast number was greater than that for wild-type MDMs (Fig. 2E) , indicating that TANK inhibits the bone resorption activity of bone marrow-derived osteoclasts. To further substantiate the effect of TANK deficiency on osteoclastogenesis, we examined the expression levels of mRNAs encoding osteoclast-related genes after 0, 24 and 72 h of RANKL stimulation. Consistent with the findings for osteoclastogenesis, the expression profiles revealed that osteoclast-associated genes, including NFATc1, c-Fos, TRAP, calcitonin R and DC-STAMP, were significantly increased in Tank -/-cells compared with wild-type cells (Fig. 3A-E) . Collectively, these findings suggest that TANK negatively regulates osteoclast differentiation in cultured bone marrow cells.
TANK negatively regulates RANKL signaling-To explore the effect of gain of function of TANK in osteoclastogenesis, we overexpressed TANK in MDMs using a retroviral vector. As shown in Fig. 4A , wild-type MDMs overexpressing TANK did not sufficiently differentiate into osteoclasts, and the number of TRAP-positive multinucleated cells (Fig. 4A, 4B ). Further, retrovirus reconstitution of TANK in Tank -/-MDMs suppressed RANKL induced osteoclastogenesis to the same level as wild-type (Fig. 4A, 4B ). These findings indicate that the level of TANK expression is negatively correlated with osteoclastogenesis induced by RANKL treatment. To rule out the possibility that differential RANK expression is responsible for the augmented osteoclastogenesis under TANK deficiency, we examined the levels of RANK in MDMs. As shown in Fig. 4C Fig. 1 ). Next, we checked whether the loss of TANK promoted TRAF6 ubiquitination and NF-B pathway activation in response to RANKL stimulation. TRAF6 ubiquitination in response to RANKL stimulation was increased in Tank -/-MDMs compared with wild-type controls (Fig. 4D) . Furthermore, RANKL-induced DNA binding of the NF-B p65 subunit was significantly elevated in Tank -/-MDMs (Fig. 4E) . In contrast, p100 cleavage to p52, which indicates activation of the non-canonical NF-B pathway, did not differ between wild-type and Tank -/-MDMs (Fig. 4F) . These findings indicate that TANK negatively affects the RANKL-mediated canonical NF-B pathway by suppressing TRAF6 activation. TANK may act as a negative feedback regulator of osteoclastogenesis.
Tank
-/-mice exhibit increased cortical BMD and severe trabecular bone loss-Next, we analyzed the in vivo bone phenotypes of wild-type and Tank -/-mice by CT. First, we investigated the proximal femurs, and found no differences in the bone structures (Fig. 5A) . However, the cortical area in the mid-shaft of the femurs was slightly increased in Tank -/-mice (Fig. 5B ). This finding was further supported by increased BMD in the proximal end to mid-shaft in the femurs from Tank -/-mice (Fig. 5C ). To determine whether the differences in BMD influenced the mechanical strength of the femur, we performed a three-point bending test on the shaft of the femurs from wild-type and Tank -/-mice. As expected, the maximum load and stiffness showed slight, but not significant, increases in the femurs from Tank -/-mice. Furthermore, the femurs from Tank -/-mice showed two-fold increases in the post-yield deflection and work to failure compared with the femurs from wild-type mice (Fig. 5D ). These findings indicate that the femurs of Tank -/-mice are more ductile than those of wild-type mice. Next, we cut the proximal one-third of the right shaft of femurs and cross sections were made. We performed the histomorphometric analysis and detected dramatically increased eroded surface/bone surface in endosteum (Fig. 5E) . Furthermore, bone forming rate in periosteum was increased, but not significant (Fig. 5F ). Additionally, endosteum surface was comparable (this means bone marrow cavity perimeter was comparable) but cortical thickness was significantly increased in TANK deficient mice ( Supplementary Fig.2) .
In contrast to the increased BMD and cortical area in the proximal to mid-shaft portion, the distal portion of the femurs from Tank -/-mice exhibited severe trabecular bone loss, as observed in three-dimensional images (Fig. 5F ). Morphometric analyses of the distal femurs from Tank -/-mice revealed pronounced reductions in the trabecular bone volume per tissue volume and trabecular bone number (Fig.  5G) . Analyses of the proximal tibias from Tank -/-mice also indicated a decrease in the trabecular bone number, but no significant by guest on November 18, 2017 http://www.jbc.org/ Downloaded from decrease in the trabecular bone thickness, compared with wild-type mice (Fig. 5H, 5I ). Histomorphometric analyses revealed that the eroded surface per bone surface and bone formation rate of the proximal tibias from Tank -/-mice were significantly increased. Furthermore, comparable numbers of osteoclasts and osteoblasts were observed for wild-type and Tank -/-mice (Fig. 5J) , suggesting enhancement of the osteoclast function in Tank -/-mice. Consistent with the increased bone eroded surface and bone formation, the serum levels of the bone resorption marker TRACP5, Cross Linked C-Telopeptide of Type I collagen (CTX-I), and bone formation marker ALP were higher in Tank -/-mice than in wild-type mice (Fig. 5K) . In contrast, serum RANKL and OPG levels were comparable (Fig. 5L) . These findings suggest that Tank -/-mice exhibit increased cortical BMD in the proximal to mid-shaft femur, but severe trabecular bone loss in the distal femur and proximal tibia. Tank   -/- osteoblasts-Since the increased osteoclastogenesis contradicted the increased BMD, we examined the function of calvarial osteoblasts from Tank -/-mice. The expression of TANK mRNA was upregulated during in vitro osteoblast differentiation (Fig. 6A) . During the differentiation, there were no significant differences in the cell numbers between wild-type and Tank -/-osteoblasts (Fig. 6B) . Next, to analyze the bone nodule formation by osteoblasts, the cultured cells were stained with alizarin red. Interestingly, Tank -/-osteoblasts showed increased bone nodule formation (Fig.  6C, 6D) . The ALP activity, as a phenotypic marker of osteoblasts, was also elevated in Tank -/-osteoblasts (Fig. 6E, 6F ). To search for the osteoblastic factor responsible for the osteoclastogenesis, we examined the expression levels of Runx2, RANKL, and OPG in osteoblasts, and found that the expression levels of Runx2 and RANKL, but not OPG, were significantly upregulated in Tank -/-cells (Fig.  6G) . Osteoclast-osteoblast coculture assays indicated that the increased RANKL expression in Tank -/-osteoblasts potentiate osteoclastogenesis in vitro (Fig. 6H) . To reveal the mechanisms of increased osteoblast functions in Tank -/-mice, we checked the activation of DNA binding activity of NF-B p65 in osteoblasts, and observed the 2 fold increase of NF-B activation in TANK deficient osteoblast compared to wild-type control (Fig.  6I) . It has been known that increased NF-B activation leads to induce IL-6-type cytokines such as IL-6, IL-11 and OncostatinM. Importantly, previous reports have established that IL-6-type cytokines play a pivotal role in bone metabolism (22) . Thus, we next checked the expression levels of IL-6-type cytokines in TANK deficient osteoblasts (Fig. 6J) . Intriguingly, mRNA levels of IL-6 and IL-11 (especially IL-11) are significantly increased in TANK deficient osteoblasts compared to wild-type controls (Fig. 6J) . When we cultured osteoblasts with NF-kB inhibitor BAY117085, IL-11 mRNA level was significantly inhibited in TANK deficient osteoblast (Fig. 6K ). IL-6-type cytokines are potent stimulators of the development of osteoblastogenesis. Thus, our findings above prompted us to explore the effect of IL-6 and IL-11 neutralizing antibodies on in vitro bone nodule formation in TANK deficient osteoblasts (Fig. 6L, 6M ). IL-6 neutralizing antibody had no effect to bone nodule formation in TANK deficient osteoblasts (Fig. 6L) . In contrast, IL-11 neutralizing antibody significantly suppressed the bone nodule formation in TANK deficient osteobalsts to the same level as wild-type controls (Fig. 6L, 6M ). These findings suggest that increased IL-11 expression is at least partially attributed to increased NF-kB activation and such enhanced IL-11 production promotes the bone formation in TANK deficient osteoblasts. Collectively, these findings suggest that TANK is a negative regulator of osteoblast bone formation and IL-11 is a critical target of TANK in osteoblasts.
Increased bone nodule formation in
Trabecular bone loss in Tank
-/-mice is dependent on hematopoietic cells-To examine whether the severe trabecular bone loss in Tank -/-mice could be explained by TANK deficiency in osteoclasts, we generated bone marrow chimeric mice. TANK expression in splenocytes and protein in bone marrow cells from wild-type mice engrafted with bone marrow from Tank -/-mice (-/-→WT mice) was scarcely detected (Fig.  7A,  7D ).
CD11b+RANK+ osteoclast precursor populations in splenocytes were comparable between -/-→WT and +/+→WT mice ( Supplementary Fig. 3 ). MDMs from -/-→WT mice efficiently differentiated into osteoclasts in vitro (Fig. 7B) rather than MDMs from wild-type mice engrafted with bone marrow from wild-type mice (+/+→WT mice). Consistent with the Tank -/-mice, -/-→WT mice exhibited severe trabecular bone loss in their femurs and tibias compared with +/+→WT mice (Fig. 7C, 7F ). Morphometric analyses of the femurs from -/-→WT mice revealed severe reductions in the trabecular bone volume per tissue volume and trabecular bone number (Fig.  7E) . Analyses of the proximal tibias from -/-→WT mice also indicated decreases in the trabecular bone volume per tissue volume and trabecular bone number compared with +/+→WT mice (Fig. 7G) . The osteoblast numbers were comparable between both types of chimeric mice, although the number was slightly, but not significantly, increased in the proximal end of the tibias from -/-→WT mice (Fig. 7H) . Additionally, cortical thickness was decreased (Fig. 7I ) and eroded surface/bone surface was drastically increased in endosteum from -/-→WT mice (Fig. 7J) . Further, the serum levels of the bone resorption marker TRACP5b were higher in -/-→WT mice than in +/+→WT mice but ALP levels were comparable (Fig. 7K) . The trabecular bone structural analogy between Tank -/-mice and -/-→WT mice demonstrates that the trabecular bone loss in Tank -/-mice is caused by hematopoietic cells including osteoclasts.
Discussion
In the present study, we have shown that TANK is a novel regulator of osteoclastogenesis and bone formation. TANK deficiency caused significant trabecular bone loss in the femur and tibia. In vitro osteoclastogenesis of Tank -/-bone marrow cells was enhanced owing to increased RANK signaling. Consistently, in vivo bone erosion by osteoclasts was significantly increased, which may explain the trabecular bone loss phenotype under TANK deficiency. However, we also found that lack of TANK led to increased bone formation and BMD in the proximal cortical portion of the femur. Bone nodule formation by in vitro cultured calvarial osteoblasts from TANK-deficient mice was also upregulated. Collectively, these findings suggest that TANK negatively controls the functions of bone formation and erosion. We have shown that osteoclasts lacking TANK exhibit increased bone-resorbing function both in vitro and in vivo. Expression of TANK was significantly increased during RANKL-induced osteoclastogenesis, while overexpression of TANK led to suppressed osteoclastogenesis. These observations support the idea that TANK acts as a negative regulator of osteoclastogenesis. Our previous report clarified that macrophages and B cells from Tank -/-mice exhibit enhanced canonical NF-kB and AP-1 activation in response to stimulation of TLRs and BCR (19) . The RANKL-induced NF-kB pathways include canonical and non-canonical pathways involving the NF-kB precursor proteins p105 and p100, respectively. Previous reports have suggested that mice lacking both NF-B subunits p50 and p52 develop osteopetrosis, accompanied by a reduction in osteoclastogenesis (4) (8). In these mice, both the canonical and non-canonical NF-kB pathways are inhibited. Alymphoplasia mice, in which processing of p100 to p52 does not occur owing to an inactive form of NIK (23), show mild osteopetrosis caused by significantly reduced osteoclastogenesis (24) . These reports strongly suggest that both the canonical and non-canonical NF-kB pathways are important for efficient osteoclastogenesis. NFATc1 is a master regulator of osteoclastogenesis, and we found that the level of NFATc1 expression during osteoclastogenesis was increased in Tank -/-cells. Since NF-kB has been implicated in the induction of NFATc1 in RANKL signaling, we examined whether the loss of TANK also promoted NF-kB activation in response to RANKL, and found that canonical NF-kB pathway activation was significantly elevated in Tank (25) . Another example is Src homology 2-containing inositol-5-phosphatase (SHIP), which limits osteoclast precursor survival and differentiation by suppressing PI3 kinase (26) . On the other hand, the regulation of RANKL-mediated signaling is less well characterized, except for CYLD. This molecule is a deubiquitinating enzyme induced by RANKL that suppresses RANK signaling by inhibiting TRAF6 ubiquitination (27) . In this study, we found that TANK specifically inhibited RANKL-induced osteoclastogenesis under physiological conditions, synonymous with CYLD, and suggest a model whereby negative feedback regulation of RANKL signaling by TANK contributes to proper osteoclast differentiation. Information on the relationship between TANK and CYLD would be important for the future study. Although we observed enhanced TRAF6 ubiquitination in TANK -/-cells in response to RANKL stimulation, the effect of TANK deficiency was relatively modest. Thus, it is possible that a mechanism other than TRAF6 polyubiquitination also contribute to TANK-mediated control of osteoclastogenesis. Further detailed studies are needed to explore the role of TANK in osteoclasts. Abnormal bone turnover is observed in several human diseases. Rheumatoid arthritis is a major high-bone turnover osteoporotic disease (28) . Paget disease is also characterized by accelerated bone resorption by IL-6-producing giant osteoclasts and enhanced bone formation by osteoblasts, resulting in increased BMD and bone fragility (29) . Schnitzler's syndrome is another high-bone turnover disorder, and is characterized by osteosclerosis, chronic urticaria, lymphadenopathy, IgM gammopathy, and joint pain (30, 31) . Our previous report indicated that lymphadenopathy and increased basal serum concentrations of IgM were the major features in Tank -/-mice (19) . Since TANK deficiency closely resembles some of the traits of the human high-bone turnover diseases described above, the involvement of TANK in these disorders must be clarified in the future. As observed in the in vivo bone analyses, TANK suppresses both osteoclasts and osteoblasts. Bone formation and degradation are often manipulated simultaneously in the same direction, which is termed coupling (32) . Such coupling events are crucial for the maintenance of bone quality. Understanding of coupling is important, but its molecular mechanisms are largely unknown. As TANK has a dual suppressive effect on both cell types, it may play a role, at least in part, in supporting the speed of such coupling. Intriguingly, Tank -/-mice seem to suffer from osteosclerosis and osteoporosis in the cortical and trabecular bone areas, respectively. In other words, Tank -/-bone has an abnormal morphology. Our detailed cellular studies in both osteoclasts and osteoblasts in vitro, Tank -/-mice have intrinsic abnormalities in the functions of both cell types. It is still unclear how TANK inhibits bone formation in osteoblasts. The ALP activity and expression level of Runx2, an essential transcription factor for the regulation of osteoblast differentiation (33), were slightly increased, suggesting that TANK may partially regulate osteoblast differentiation. Our data also indicated that increased IL-11 expression is at least partially attributed to increased NF-kB activation and such enhanced IL-11 production promotes the bone formation in TANK deficient osteoblasts. Further detailed studies are needed to explore the role of TANK in osteoblast function, but our observations suggest for the first time that IL-11 is a critical target of TANK in osteoblasts.
Finally, considering the Tank -/-bone phenotype and suppressive functions of TANK toward both osteoclasts and osteoblasts, modulation of TANK will potentially result in distinct prophylactic effects, depending on the trabecular and cortical portions. Further, generation of methods for the inhibition and stimulation of TANK in osteoblasts and osteoclasts, respectively, may be a reasonable strategy to manipulate bone-destructive diseases.
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FIGURE 2. Osteoclast differentiation is increased in Tank
-/-MDMs. A, MDMs from wild-type and Tank -/-mice were cultured in the presence of 100 ng/ml RANKL. After 3 d, TRAP staining was performed. B, The numbers of TRAP-positive multinucleated (>3 nuclei/cell identified in a ×10 field) cells and giant TRAP-positive multinucleated (>20 nuclei/cell) cells were counted. Error bars: SE (n = 3). *p < 0.05 versus wild-type. C, Sequential TRAP staining to count the numbers of osteoclasts from wild-type and Tank -/-MDMs (RANKL, 50 ng/ml). Error bars: SE (n = 3). *p < 0.05 versus 0 h. D, The osteoclast areas (percentages of TRAP-positive multinucleated cells relative to the total area) were measured using ImageJ (RANKL, 100 ng/ml) and normalized by osteoclast number. Error bars: SE (n = 6). *p < 0.05. E, Formation of resorption pits by osteoclasts induced from wild-type or Tank -/-mice (RANKL, 50 ng/ml). Error bars: SE (n = 3). *p < 0.05. F, MDMs were stained with trypan blue, and the numbers of viable cells were determined under a light microscope. G, Apoptosis of wild-type and Tank -/-MDMs. Caspases were stained using a Poly Caspase Assay Kit, and the numbers of caspase-positive cells were counted under a fluorescence microscope. The data shown are representative of three (A, B, D, F and G) and two (C and E) independent experiments. D, Immunoblotting analysis of anti-TRAF6 antibody immunoprecipitates from MDMs stimulated with RANKL (350 ng/ml) for indicated times probed with an anti-Ub antibody. As a loading control, immunoblotting analysis of TRAF6 was performed (bottom). E, The DNA-binding activity of NF-B p65 in response to RANKL was measured using a TransAM Transcription Factor Assay Kit. Error bars: SE (n = 3). *p < 0.05. F, MDMs were treated with RANKL for the indicated time and analyzed by western blotting using anti-p100/p52 antibodies. Actin was evaluated as a loading control. The data shown are representative of three independent experiments. Error bars: SE (n = 3). *p < 0.05. I, The DNA-binding activity of NF-B p65 in osteoblasts (after a 9-d culture of calvariae) was measured using a TransAM Transcription Factor Assay Kit. Error bars: SE (n = 3). *p < 0.05. J, Quantitative PCR analyses OncostatinM (OsM), IL-6, and IL-11 in osteobalsts. Error bars: SE (n = 3). *p < 0.05. K, 5mM NF-B inhibitor BAY117085 was added to the osteoblast culture for 24 hrs and IL-11 mRNA level was quantified. Error bars: SE (n = 3). *p < 0.05. L, Calvarial osteoblasts were cultured with neutralizing antibodies of IL-6 and IL-11. After a 9-d culture, cells were stained with a calcified nodule staining kit, and the numbers of bone nodules were counted. Error bars: SE (n = 3). *p < 0.05. M, Representative images of bone nodules formed by Tank -/-calvarial osteoblasts in L. 
